During zebrafish development, the left-right (LR) asymmetric signals are first established around the Kupffer's vesicle (KV), a ciliated organ generating directional fluid flow. Then, LR asymmetry is conveyed and stabilized in the lateral plate mesoderm (LPM). Although numerous molecules and signaling pathways are involved in controlling LR asymmetry, mechanistic difference and concordance between different organs during LR patterning are poorly understood. Here we show that RA signaling regulates laterality decisions at two stages in zebrafish. Before the 2-somite stage (2So), inhibition of RA signaling leads to randomized visceral laterality through bilateral expression of nodal/spaw in the LPM, which is mediated by increases in cilia length and defective directional fluid flow in KV. Fgf8 is required for the regulation of cilia length by RA signaling. Blockage of RA signaling before 2So also leads to mild defects of heart laterality, which become much more severe through perturbation of cardiac bmp4 asymmetry when RA signaling is blocked after 2So. At this stage, visceral laterality and the left-sided Nodal remain unaffected. These findings suggest that RA signaling controls visceral laterality through the leftsided Nodal signal before 2So, and regulates heart laterality through cardiac bmp4 mainly after 2So, first identifying sequential control and concordance of visceral and heart laterality.
INTRODUCTION
During vertebrate development, LR asymmetry is evident both in heart and visceral organs such as liver, pancreas, and gut. Situs inversus totalis, in which there is complete right to left reversal of the thoracic and abdominal organs, occurs once in about 8,000 persons. Although situs inversus is usually of no medical consequence, heterotaxia, incomplete reversal of organs, occurs with higher frequency and causes significant medical problems. These problems are observed not only in humans but also in nearly all vertebrates in whom LR asymmetry needs to be established during development. In zebrafish, LR asymmetric signals are first established around KV, a ciliated organ that generates directional fluid flow (1-3). Ciliogenesis, key to the initiation of LR asymmetry, is dependent on the fibroblast growth factor (FGF) signaling (4, 5) . Then, LR asymmetry is conveyed and stabilized in the LPM, patterning left and right sides of the embryo (6). A critical event of LR patterning at this stage is the left-sided expression of nodal/southpaw (spaw) in the LPM (7) (8) (9) (10) (11) . The left-sided nodal/spaw then activates lefty1 in the ventral neural tube, lefty2 and pitx2 in the LPM, all exclusively on the left side (12) (13) (14) (15) . Lefty1 and lefty2 antagonize nodal activity, thus generating a negative feedback loop to restrict the extent and duration of Nodal signaling. The left-sided expression of nodal/spaw, lefty2, and pitx2 are highly conserved in vertebrates to ensure proper LR patterning (6).
Retinoic acid (RA) and bone morphogenetic protein (BMP) signals have been reported to regulate several aspects of LR asymmetry. Treatment of RA antagonist leads to randomization of heart looping and perturbed sideness of nodal in mouse (16), but roles of RA signaling in the determination of heart and visceral laterality in zebrafish remain unknown. In Xenopus, chick, and mouse, BMP signaling is required to repress nodal activity in the right LPM, thus ensuring right-sided laterality (17) (18) (19) (20) . In zebrafish, BMP signaling regulates LR asymmetry at two distinct developmental time points. Shortly after KV has been formed during early segmentation, BMP signaling is necessary to repress spaw in the right LPM, similar to other vertebrates (21). In later segmentation at around the 22-somite (22So) stage prior to the initiation of cardiac jogging, bmp4 is asymmetrically distributed in the cardiac field with stronger expression on the left side (22) . This asymmetric bmp4 is required for the determination of heart laterality (21-23).
Ectopic expression of bmp4 on the right side results in reversal of heart laterality, but visceral organs are unaffected (24). Induction of exogenous noggin3 at the 16-somite stage causes perturbation of heart laterality, but visceral laterality remains normal (21). High occurrence of heterotaxia in nature proposes that asymmetries of heart and visceral organs may involve different regulatory mechanisms and need to be coordinated. However, key mechanistic differences and concordance between visceral and heart laterality during LR patterning remain to be elucidated.
Here we demonstrate that inhibition of RA signaling before 2So leads to randomized laterality of visceral organs through bilateral expression of spaw, which is resulted from increases in cilia length and defective directional fluid flow in KV. Fgf8 is required to mediate the control of cilia length by RA signaling. Inhibition of RA signaling before 2So also results in mild defects of heart laterality, which become much more severe through disturbance of cardiac bmp4 asymmetry when RA signaling is blocked after 2So. However, visceral laterality and the leftsided spaw and lefty2 remain unaffected at this stage. Our study first identifies RA signaling as the key signaling pathway that sequentially controls visceral and heart laterality, so that achieves their concordance during LR patterning.
EXPERIMENTAL PROCEDURES
Zebrafish Strain-Zebrafish (Danio rerio) of the AB genetic background, gutGFP, 2CLIP, Tg(cmlc2:GFP) lines were raised and maintained under standard laboratory conditions. BMS453, DEAB, and RA Treatment-Zebrfish embryos were incubated with 0.4 μM BMS453 (0.8 μL of 10 mM BMS453 stock diluted in 20 mL egg water, Bristol-Myers Squibb), 1 μM DEAB (2 μL of 10 mM DEAB stock diluted in 20 mL egg water, Sigma), or 0.05 μM RA (0.8 μL of 1.25 mM RA stock diluted in 20 mL egg water, Sigma) in different timeframes. 1 nM RA was applied to rescue DEAB. Treated embryos were washed twice and cultured in egg water until fixation or observation. In all experiments, treated embryos were compared with mock treated control siblings (0.8 μL DMSO diluted in 20 mL egg water).
Morpholinos and mRNAs-Fluorescein labeled antisense morpholinos (Gene Tools) against bmp4 (bmp4MO: 5'-GGTGTTTGATTGTCTGACCTTCATG-3'; 200 μM) (21) or spaw (spawMO: 5'-GCACGCTATGACTGGCTGCATTGCG-3'; 1 mM) (11), fgf8 (fgf8MO: 5'-TGAGTCTCATGTTTATAGCCTCAGT-3'; 100 μM or 60 μM) (25) were applied. Bmp4MO was injected into the cell body of one cell of Tg(cmlc2:GFP) transgenic embryos at the 8 to 32-cell stage. Embryos with different distributions of the morpholino were checked at the 64-cell as well as the shield stages, and sorted at 10So according to fluorescein epifluorescence. GFP and spaw mRNAs were synthesized from linearized plasmid templates using the Message Machine Kit (Ambion), and co-injected into the cell body of one cell of 2CLIP transgenic embryos at the 4 to 16-cell stage. Embryos with different distributions of mRNAs were sorted at the shield stage and confirmed at 10So according to GFP epifluorescence.
Quantitative Real Time PCR (qPCR)-First
strand cDNA synthesis was performed using Omniscript RT kit (Qiagen). Then, qPCRs were performed for fgf8 (5'-GAGGCTATAAACATGAGACTCATAC-3', 5'-CGAACTCGACTCCCAAATGTGTC-3'), erm (5'-GTGAGAAGCAAGCGACATGGATG-3', 5'-GAGTCTCTGCTCTTGTCCACATG-3'), and pea3 (5'-CATGGATTATAAGATGGATGGATATC-3', 5'-GTTCTCTGAGTGAAAGTCAGGAAC-3') using QuantiFast SYBR Green PCR kit (Qiagen) and a Realplex 2 Mastercycler (Eppendorf). Transcription of β-actin (5'-CATGGATGAGGAAATCGCTGCC-3', 5'-GCTCAGGATACCTCTCTTGCTC-3') was used for normalization.
Whole-Mount In Situ Hybridization, Section, and Immunostaining-One-colour whole-mount in situ hybridization was performed as previously described (26) , using established antisense probes (4, 21, 22, 27, 28) .
For sectioning, in situ hybridized embryos were re-fixed in 4% paraformaldehyde in PBS, followed by incubation in 15% and 30% sucrose in PBT for 2 hours each. Then, embryos were mounted in 1.5% agarose in 30% sucrose, and balanced in 30% sucrose solution overnight at 4 °C. The mounted embryo was remounted in OCT (Sakura), sectioned using a CM1850 cryostat (Leica), and counter stained with DAPI. Images were captured at room temperature using AxioVision4 software (Carl Zeiss, Inc.), and a 20×/0.8 N.A. Plan Apochromat air objective mounted on an AxioImageZ1 microscope (Carl Zeiss, Inc.) equipped with MRc5 and MRm digital camera (Carl Zeiss, Inc.).
Whole-mount immunostaining was performed to detect cilia in KV with antiacetylated tubulin antibodies (Sigma-Aldrich) (4) and counter stained with DAPI as previously described.
Fluid Flow Observation-Fluorescent yellowgreen Latex beads (Sigma-Aldrich) were 1:10 diluted and injected into KV of embryos at the 6-8 somite stage, which were subsequently mounted in 1.2% Low Melting Point Agarose (Invitrogen) in egg water. Images were captured at room temperature using LAS AF software (Leica), and a 20×/0.70 N.A. HC Plan Apochromat air objective mounted on a Leica SP5 confocal microscope (Leica). 
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RESULTS
Stage-Dependent Effects of RA Antagonist on
Visceral and Heart Laterality-In zebrafish, treatments of exogenous RA or RA antagonist cause strong defects in exocrine pancreas differentiation and expansion (29) . When we incubated gutGFP transgenic zebrafish embryos with the pan-retinoic acid receptor antagonist BMS-189453 (BMS453) (30, 31) , we found that inhibition of RA signaling not only affected exocrine pancreas differentiation, but also led to LR defects of visceral organs. However, phenotypes of visceral laterality were dependent on the stage of BMS453 treatment (Fig. 1, A-D) . To further investigate the regulatory stage of RA signaling on visceral laterality, effects of BMS453 treatment on the LR patterning of visceral organs were analyzed using 2CLIP transgenic line with liver and pancreas clearly labeled (32) . Titrations of BMS453 at various timeframe identified that BMS453 treatment from the 32-cell stage (32-cell) to 2So resulted in maximal reversal of visceral laterality (Fig. 1K) . 51.4% and 41.0% of treated embryos displayed left-sided (visceral situs solitus) and right-sided (visceral situs inversus) liver, respectively (Fig. 1 , E-G, and K). BMS453 treatment after 2So was ineffective on visceral laterality (Fig. 1, H and K). To confirm that these effects of BMS453 treatment are due to blockage of RA signaling, another RA antagonist 4-diethylaminobenzaldehyde (DEAB), an inhibitor of RA synthase, was applied. DEAB treatment from 32-cell to 2So also resulted in randomized visceral laterality (Fig. 1, I-K) , which recapitulated phenotypes of BMS453 treatment (Fig. 1, F and G) and could be efficiently rescued by exogenous RA (Fig. 1K) . These results indicate that RA signaling controls determination of visceral laterality only before 2So.
Exposure of mouse or chick embryo to exogenous RA or RA antagonist leads to aberrant heart laterality (16, (33) (34) (35) . To study the role of RA signaling in controlling heart laterality as well as concordance of heart and visceral organs during LR patterning in zebrafish, effects of BMS453 treatment on heart laterality were analyzed using Tg(cmlc2:GFP) transgenic embryos (36) . 91.1% of control embryos treated with DMSO developed normal D-loop heart (Fig. 2, A, B , and O). In embryos treated with BMS453 from 32-cell to 2So, heart laterality of the majority (66.3%) remained normal at 53 hours post fertilization (hpf), while 12.1% and 21.6% of them showed reversed (L-loop) and absent (midline) heart looping, respectively (Fig. 2 , C-E, and O). These data suggest a mild regulatory role of RA signaling before 2So in controlling heart laterality. If embryos were treated with BMS453 from 2So to 53 hpf, 39.3%, 24.3%, and 36.4% of them developed D-loop, L-loop, and midline heart, respectively (Fig. 2 , F-H, and O). Cardiac looping is affected by the differentiation of cardiomyocyte in addition to the laterality decisions, thus heart laterality at an earlier stage about 24 hpf was analyzed. 26.5%, 21.7%, and 51.8% of embryos with BMS453 treatment from 2So to 24 hpf developed left jogging, right jogging, and no jogging heart, respectively (supplemental Fig.  S1 ). Since heart with no jogging is followed by randomized direction of looping (22) , phenotypes of heart laterality at 24 hpf (supplemental Fig. S1 ) are in accordance with those at 53 hpf (Fig. 2, F-H) . 87.3% of embryos treated with BMS453 from the 18-somite stage (18So) to 53 hpf displayed normal D-loop heart (Fig. 2O ), suggesting that RA signaling mainly controls heart laterality between 2So and 18So. Again, to confirm that these phenotypes of BMS453 treatment are due to blockage of RA signaling, DEAB was applied in the same time frames followed by examinations of heart laterality. In embryos treated with DEAB from 32-cell to 2So, 72.5%, 9.2%, and 18.3% of them developed D-loop, L-loop, and midline heart, respectively (Fig. 2, I -K, and O). Those respective ratios became 87.6%, 6.2%, 6.2% when RA was co-incubated for rescue (Fig. 2O ). In contrast, if embryos were incubated with DEAB from 2So to 53 hpf, 46.0%, 24.8%, and 29.2% of them developed D-loop, L-loop, and midline heart, respectively (Fig. 2, L-O) . Those respective ratios became 88.2%, 4.9%, 6.9% 5 when RA was co-incubated for rescue (Fig. 2O) . Taken together, these data indicate that roles of RA signaling in the determination of heart laterality are mild before 2So, and become much more significant after 2So.
Within embryos showing reversed visceral laterality after BMS453 treatment from 32-cell to 2So, 65.5% and 14.5% developed D-loop and L-loop heart, that is, exhibited heterotaxia and situs inversus totalis, respectively. Within embryos obtaining reversed heart laterality after BMS453 treatment from 2So to 53 hpf, the majority (91.3%) are with normal visceral laterality, displaying heterotaxia. These data reflect what happens in nature that heterotaxia occurs in higher frequency than situs inversus totalis.
Control of Visceral Laterality by RA Signaling Before 2So Is Mediated by the Left-Sided Nodal
Signal in the LPM-To study how RA signaling before 2So regulates visceral laterality, we first examined effects of BMS453 treatment on the left-sided spaw and lefty2. In the majority of embryos treated with BMS453 from 32-cell to 2So, both spaw (73.2%) and lefty2 (83.1%) exhibited bilateral expressions (Fig. 3, B , F, H, and L), correlating with randomized visceral laterality ( Fig. 1, F and G) . In contrast, if embryos were exposed to BMS453 from 2So to 22So, spaw (83.6%) and lefty2 (79.8%) kept left-sided (Fig. 3 , C, F, I, and L), coinciding with visceral situs solitus (Fig. 1H) . Exogenous RA before 2So also led to break of LR asymmetry hence bilateral spaw (65.0%) and lefty2 (83.3%) in the majority of embryos (Fig.  3, D, F, J, and L) . Treatment of exogenous RA after 2So was ineffective on the sideness of spaw (72.8%) and lefty2 (89.4%) (Fig. 3, E, F , K, and L). no tail expression indicated unaffected midline formation in embryos treated with BMS453 or RA (Fig. 3, G-K) , ruling out the possibility that bilateral spaw and lefty2 are resulted from aberrant midline formation. Since charon expression in the region of the ciliated cells is required to repress right sided expression of spaw (37) , decreases in charon expression in BMS453 treated embryos (Fig. 3, M and N) completely fit bilateral expressions of spaw and lefty2. Thus, bilateral Nodal signal caused by BMS453 treatment is correlated with aberrant visceral laterality, proposing the involvement of the leftsided Nodal signal in mediating the control of visceral laterality by RA signaling before 2So.
To further investigate whether control of visceral laterality by RA signaling before 2So is mediated by the left-sided Nodal signal, we set up asymmetric knock down and unilateral overexpression systems in zebrafish. A fluorescein labeled, specific antisense morpholino oligo (MO) was injected into the cell body of one cell at the 8 to 32-cell stage. Embryos with different distributions of MO were checked at the 64-cell as well as the shield stages, and sorted at the 10-somite stage (10So) according to fluorescein epifluorescence (supplemental Fig. S2, A-F) . The MOs could not achieve completely unilateral distribution, but could achieve predominant distribution on one side of zebrafish embryo. Similarly, GFP and target mRNAs were co-injected into the cell body of one cell at the 4 to 16-cell stage. Embryos with different distributions of mRNAs were sorted at the shield stage and confirmed at 10So according to GFP epifluorescence (supplemental Fig. S2, G-M) . The mRNA was able to achieve exclusively unilateral distribution.
Embryos with spawMO predominantly distributed on the left side exhibited randomized visceral laterality and absent lefty2 expression (Fig. 4 , A-C, and Fig. 1K ), indicating the critical role of spaw in dictating visceral laterality. Asymmetric spaw was reestablished in BMS453 treated embryos by unilaterally predominant distributions of spawMO. The majority of embryos with BMS453 treatment from 32-cell to 2So and left-sided enrichment of spawMO became visceral situs inversus (65.6%) (Fig. 4 , D, E, and Fig. 1K ), and predominantly expressed lefty2 on the right side (74.7%) (Fig. 4F) . In contrast, the majority of embryos with BMS453 treatment from 32-cell to 2So and right-sided enrichment of spawMO exhibited visceral situs solitus (80.0%) (Fig. 4, G, H, and Fig. 1K ) and predominant expression of lefty2 on the left side (69.9%) (Fig. 4I) , rescuing randomized visceral laterality and bilateral lefty2 caused by BMS453 (Fig. 1, F, G, K, and Fig. 3H ). Restoration of spaw asymmetry through unilateral depletion with spawMO in BMS453 treated embryos dictates visceral laterality, indicating that the left-sided Nodal signal mediates the control of visceral laterality by RA signaling before 2So.
We further study whether establishment of spaw asymmetry through unilateral distribution of exogeous spaw mRNA is sufficient to dictate visceral laterality or not. 82.0% of embryos with exclusive distribution of exogenous spaw mRNA on the left side displayed visceral situs solitus (Fig. 1K ). In embryos with exogenous spaw mRNA unilateral on the right side, visceral laterality was randomized without affecting exocrine pancreas differentiation and bilateral lefty2 was induced (Fig. 4, J-L, and Fig.  1K ). Embryos with BMS453 treatment from 32-cell to 2So and left-sided distribution of exogenous spaw mRNA accumulated more spaw transcripts on the left than on the right side. 76.3% and 19.3% of these embryos exhibited visceral situs solitus and situs inversus, respectively (Fig. 4, M, N, and Fig.  1K ). In addition, asymmetric lefty2 with stronger expression on the left side was observed (Fig. 4O) . Establishment of spaw asymmetry is sufficient to rescue randomized visceral laterality caused by BMS453, again demonstrating the critical role of the left-sided Nodal signal in mediating control of visceral laterality by RA signaling before 2So.
In zebrafish, ciliogenesis in KV is required for establishment of the left-sided Nodal signal in the LPM (1-3) . Thus, involvements of RA signaling before 2So in the formation of KV and ciliogenesis were analyzed. At 10So, although KV formation and the number of cilia in it exhibited no obvious difference (Fig. 5, A-D, and G) , increases in cilia length were observed in embryos exposed to BMS453 from 32-cell to 2So (Fig. 5, C, D, and H) . To assess whether cilia-driven directional fluid flow in KV was altered in BMS453 treated embryos, we tracked movements of fluorescent beads injected into the lumen of KV (2). Fluorescent beads in control embryos had a persistent counter-clockwise directional flow (Fig. 5I and supplemental Movie S1). In contrast, movements of beads in embryos treated with BMS453 before 2So became non-directional ( Fig. 5J and supplemental Movie S2). FGF signaling during gastrulation regulates cilia length in KV and RA signaling in many contexts opposes FGF signaling, for an instance, during body axis extension, spinal cord differentiation, and limb bud development (4, (38) (39) (40) (41) . Therefore, we analyze whether FGF signaling mediates or is correlated with the increases in cilia length caused by BMS453. The increased cilia length in BMS453 treated embryos was rescued by fgf8MO (Fig. 5, E and H), indicating that fgf8 is required to mediate the regulation of cilia length by RA signaling. Overexpression of fgf8 alone was not sufficient to lead to increases in cilia length (4) (Fig. 5, F  and H) . However, in BMS453 treated embryos, enhanced fgf8 transcription at the marginal zone was concomitant with the increases in cilia length at the 80%-epiboly stage (80%E) (Fig. 5, C, D , K, L, and supplemental Fig. S3 ). This implied that fgf8 may require co-factors to synergically regulate cilia length in KV downstream of RA signaling. Upregulation of FGF signaling in BMS453 treated embryos was also confirmed by enhanced transcriptions of FGF targets, erm and pea3, at 80%E (Fig. 5 , M-P, and supplemental Fig. S3 ). Furthermore, low concentration of fgf8MO efficiently rescued bilateral spaw and partially rescued the decreases in charon expression in BMS453 treated embryos (Fig. 5 , Q and R, supplemental Fig. S4) . All these results demonstrate that RA signaling before 2So regulates cilia length as well as KV fluid flow, and fgf8 is required for this regulation.
To find the source of RA that regulates ciliogenesis and visceral laterality before 2So, expression patterns of the major RA synthesis enzyme retinaldehyde dehydrogenase 2 (raldh2) were analyzed at 80%E (Fig. 5, S and T) . raldh2 expressed in the dorsal half of the marginal zone, around the dorsal forerunner cells and partially overlapping with the fgf8 expression. This dorsal half of the marginal zone is the possible source of RA activity before 2So that regulates fgf8 transcription and ciliogenesis.
Control of Heart Laterality by RA Signaling After 2So Is Mediated by Asymmetric bmp4 in the Cardiac
Field-Since sideness of spaw and lefty2 was unaffected by BMS453 treatment after 2So (Fig. 3, C and I) , the left-sided Nodal signal could not mediate the control of heart laterality by RA signaling after 2So. To study whether asymmetric bmp4 in the cardiac field within the LPM acts as the mediator, effects of BMS453 on bmp4 were analyzed. 83.8% of control embryos showed stronger cardiac bmp4 on the left than on the right side at 22So (Fig. 6 , A and F, and supplemental Fig. S5A ). In embryos exposed to BMS453 from 32-cell to 2So, 72.5% and 18.8% of them exhibited stronger bmp4 in the left cardiac field and symmetric cardiac bmp4, respectively (Fig. 6 , B, C, F, and supplemental Fig. S5B ). If embryos were treated with BMS453 from 2So to 22So, ratios of embryo with stronger bmp4 on the left side and symmetric bmp4 became 24.7% and 57.3%, respectively (Fig. 6, D-F , and supplemental Fig. S5C ). These respective ratios became 31.6% and 63.1% if embryos were incubated with BMS453 from 32-cell to 22So, close to those of treatments from 2So to 22So (Fig. 6F) . Disturbed cardiac bmp4 asymmetry caused by BMS453 treatment after 2So is correlated with aberrant heart laterality, proposing the involvement of cardiac bmp4 in mediating the control of heart laterality by RA signaling after 2So.
Asymmetric knock down of bmp4 was achieved using a fluorescein labeled bmp4MO. In embryos with bmp4MO predominantly distributed on the left side, cardiac bmp4 asymmetry was perturbed. 44.4%, 30.6%, and 25.0% of them showed D-loop, L-loop, and midline heart, respectively (Fig. 2O ). In embryos with bmp4MO predominantly distributed on the right side, cardiac bmp4 asymmetry remained so that 73.3% of embryos displayed normal D-loop heart (Fig. 2O) . These data illustrate the significance of bmp4 asymmetry in the control of heart laterality. To investigate whether determination of heart laterality by RA signaling after 2So is mediated by the asymmetric cardiac bmp4, bmp4 asymmetry was re-established in BMS453 treated embryos by a predominant distribution of bmp4MO on the right side. In embryos with BMS453 treatment from 2So to 22So and rightsided enrichment of bmp4MO, ratios of D-loop, L-loop, and midline heart became 61.4%, 16.5%, and 22.1%, respectively (Fig. 7 , A-C, and Fig. 2O ) In embryos with BMS453 treatment from 2So to 22So but without bmp4MO, those respective ratios were 39.3%, 24.3%, and 36.4% (Fig. 2, F-H, and O) . Reestablishment of bmp4 asymmetry rescues aberrant heart laterality caused by BMS453, indicating that cardiac bmp4 mediates the control of heart laterality by RA signaling after 2So.
To find the source of RA that regulates heart laterality after 2So, expression patterns of raldh2 were analyzed. Besides the somatic mesoderm, raldh2 was found to express in the anterior LPM at 10So, slightly asymmetric with stronger expression on the left side and partially overlapping with precardiac mesoderm (42, 43) (Fig. 7, D-G) . This slightly asymmetric expression of raldh2 initiated at 1-2So and became evident from 3-4So on (Fig. 7, H and I) . These temporal patterns explain why RA signaling controls heart laterality mainly after 2So. Asymmetry of raldh2 was unaffected in spaw morphant (Fig. 7J) , indicating that the establishment of raldh2 asymmetry in the anterior LPM is independent of the left-sided Nodal signal. These results suggest a possible source of RA important for the control of heart laterality, which locates asymmetrically in the anterior LPM from 1-2So on.
DISCUSSION
In summary, our results suggest that RA signaling regulates LR patterning of organs at two stages in zebrafish. Before 2So, RA signaling is critical for setting up the left-sided Nodal signal through regulation of cilia length and KV fluid flow. fgf8 is required to mediate this regulation. The left-sided Nodal signal is the key dictator of visceral laterality so that RA signaling controls visceral laterality before 2So. Roles of RA signaling in the determination of heart laterality are mild before 2So, and become much more significant after 2So through regulation of cardiac bmp4 asymmetry. Although previous studies have reported that visceral and heart laterality is sometimes uncoordinated so that their asymmetries may need concordance (21, 24), our study first identifies RA signaling as the key signaling pathway that sequentially controls and coordinates visceral and heart laterality.
Titrations for the cut-off time at the shield, 80%E, bud, 2So, and 4So have identified the significance of 2So (data not shown). Theoretically, on one hand, formation of KV and cilia are initially observed at 3-4So (2) (data not shown). Thus, RA signaling should be functional to regulate ciliogenesis before that. This point was proven by the unaffected sideness of spaw and lefty2 after RA treatment at 4So (Fig. 3, E and K) . On the other hand, asymmetric expression of raldh2 in the anterior LPM initiates at 1-2So (Fig. 7H) . Therefore, control of cardiac bmp4 asymmetry by RA signaling is enabled only after that. These two aspects fit our titration results and supply possible explanations why 2So becomes a critical cut-off time.
Discrepancy between treatments of RA antagonist and raldh2 mutation has been previously reported in mice and discussed in two papers published by the same laboratory (16, 44). One of the papers showed disturbed sideness of nodal and lefty in mouse embryos treated with RA antagonist (16), whereas the second exhibited unaffected sideness of nodal and pitx2 in raldh2 -/-mouse mutant (44) . This discrepancy could also exist in zebrafish (45) , and be explained by the following four possible reasons. First, other RA synthesis enzymes like Raldh1, Raldh3, and Raldh4 play redundant roles in raldh2 mutant or morphant. But BMS453, a pan-retinoic acid receptor antagonist, was able to achieve a more complete inhibition of RA signaling. Second, maternal Raldh2 protein or mRNA plays an important role in setting up the left-sided Nodal signal. Actually, maternal transcripts of raldh2, raldh3, and raldh4 have all been reported in zebrafish (46, 47) . From this aspect, BMS453 or DEAB could also achieve a more complete inhibition of RA signaling. Third, RA antagonists result in stronger phenotypes than raldh2 mutation, which has been reported in two of raldh2 mutant alleles in zebrafish (46) . Fourth, raldh2 morpholino only represents a knock down of Raldh2. A certain percentage of Raldh2 activity may still exist. Therefore, differences between chemical inhibitors and genetic inactivation have been sufficiently interpreted.
Although RA signaling is required in more than one aspect of visceral organ development, such as pancreas differentiation and visceral laterality (29) (Fig. 1 ), our results demonstrate that LR effects of BMS453 treatment on heart and visceral organs are specific other than indirect. First, both predominantly right-sided distribution of spawMO and unilaterally leftsided distribution of exogenous spaw mRNA specifically rescued randomization of visceral laterality but not defective pancreas differentiation caused by BMS453 (Fig. 1, F, G,  and Fig. 4, G, H, M, N) . Second, both BMS453 treatments before and after 2So caused no obvious early phenotype up to 25 hpf when laterality decisions have already been made (supplemental Fig. S6) , ruling out the possibility that the LR phenotypes are indirect effects of earlier phenotypes. Third, defective laterality of heart and visceral organs caused by DEAB could be efficiently rescued by exogenous RA (Fig. 1K and Fig. 2O ). Fourth, BMS453 or DEAB treatments led to differentiation phenotype of cardiac progenitors before 2So (Fig. 2, C-E , and I-K) and defective heart laterality mainly after 2So (Fig. 2, F-H,  and L-N) . They are temporally separated.
BMS453 and DEAB lead to similar laterality phenotypes at the same stage, which confirms that the phenotypes are due to blockage of RA signaling. However, BMS453 appears to be a stronger RA antagonist than DEAB. First, BMS453 treatment from 32-cell to 2So leads to a complete absence of exocrine pancreas as well as dramatic reduction of β-cells (Fig. 1, F, G, Fig. 4, D-H, M, and N) . In contrast, a residual of exocrine pancreas and mild reduction of β-cells were observed in the majority of embryos treated with DEAB (Fig. 1,  I and J) . Second, ratios of defective heart laterality were a little higher in embryos treated with BMS453 than DEAB (Fig. 2, C-O) . These differences between BMS453 and DEAB can be explained by different mechanisms how these chemicals work. BMS453, whose inhibitory effects cannot be rescued by exogenous RA, is a pan-retinoic acid receptor antagonist. DEAB is an inhibitor of RA synthase, and its effects can be efficiently rescued by exogenous RA.
Both fgf8 knock down and overexpression resulted in decreases in charon transcription around KV (5) (Supplemental Fig. S4, A-C) , indicating that a certain fgf8 concentration is necessary for charon activation. This also explains why decreases in charon transcription after BMS453 treatment were exacerbated by a high concentration of fgfMO, but partially rescued by a low concentration of fgfMO (Supplemental Fig. S4, D-F) .
Increases in heart size and expansion of cardiac bmp4 expression caused by BMS453 or DEAB treatment from 32-cell to 2So (Fig. 2, C -E, I-K, and Fig. 6B ) should result from increases in cell number of cardiac progenitors (48, 49) . Since cardiac looping is not only controlled by the laterality decisions but also affected by the differentiation of cardiomyocyte, the mild role of RA signaling before 2So in regulating heart laterality could be a result of increases in cardiac progenitors. It is also possible that RA signaling before 2So mildly regulates heart laterality through the left-sided Nodal signal or other unknown mechanisms. At 22So, the asymmetric, bilateral cardiac primordia have fused in zebrafish. In embryos treated with BMS453, although there is no delay in embryonic development (supplemental Fig. S5 ), the bilateral cardiac primoridia have not fused yet (Fig. 6, B-E) . This delay in fusion of cardiac primordia could be a result of perturbed heart laterality, or a result of increases in cardiac progenitors, or an independent effect.
Knock down of bmp4 in the dorsal forerunner cells or ectopic expression of noggin3 lead to bilateral expression of spaw (21). However, except for unaffected formation of KV in bmp4 morphant, mechanisms underlying regulation of the left-sided Nodal signal by bmp4 remain unknown. Expression pattern during gastrulation (only in the ventral region and prechordal plate) precludes bmp4 as an upstream factor of RA and FGF signaling in regulating ciliogenesis. Expression of bmp4 around KV at 10So remained unaffected in embryos treated with BMS453 from 32-cell to 2So (Supplemental Fig. S7 ), excluding bmp4 as a downstream factor of RA signaling. Therefore, unlike RA and FGF signaling that regulate cilia length, bmp4 most probably plays parts in other aspects of ciliogenesis or even independent of ciliogenesis.
Both blockage of RA signaling and exogenous RA represent disturbance of LR asymmetry under the control of RA signaling, which could explain why both BMS453 and RA treatments do lead to similar effects on the left-sided Nodal signal (34) (Fig. 3) . It has been reported that spaw morphant displays disturbed cardiac bmp4 asymmetry as well as defective heart laterality (11, 21), and reversed asymmetry of lefty2 is accompanied by reversed heart laterality (50). However, it is likely that if the left-sided Nodal is present, repression of the Nodal signal in the right LPM is less significant for cardiac bmp4 asymmetry and heart laterality (Fig. 2C, Fig. 3 , B, H, and Fig. 6B) . In other words, the Nodal asymmetry could be inconsistent with cardiac bmp4 asymmetry and heart laterality. This inconsistence has been previously reported both in mice and zebrafish (44, 51) . One reference showed normal sideness of Nodal signal in the LPM of raldh2 -/-mouse, but its heart laterality was defective (44) . The other showed bilateral expression of spaw in aei -/-zebrafish mutant, but its heart laterality remains unaffected (51). The concomitance of asymmetrically normal spaw and lefty2, correct visceral laterality, disturbed cardiac bmp4, and aberrant heart laterality ( Fig. 1H, Fig. 2, F-H, Fig. 3, C, I and Fig. 6E ) indicates that cardiac bmp4 asymmetry and heart laterality are not under the direct control of the left-sided Nodal signal, and cardiac bmp4 is insignificant to the determination of visceral laterality. Furthermore, from our results, although LR asymmetry is phenotypically evident first in the heart, its laterality determination even takes place later than that of visceral organs.
Taken together, our data suggest that RA signaling regulates LR patterning of organs at two stages, shedding new light on how concordance of visceral and heart laterality is achieved. Before 2So, RA signaling regulates cilia length and directional fluid flow in KV by the mediation of fgf8. This is critical for setting up the left-sided Nodal signal that dictates visceral laterality. From 2So on, since a possible new RA resource appears in the anterior LPM, the mild regulatory role of RA signaling before 2So in controlling heart laterality becomes much more significant after 2So through asymmetric cardiac bmp4. ; n=65) (H), respectively. 83.6% and 79.8% of embryos treated with BMS453 from 2So to 22So displayed left-sided spaw (P>0.93; n=73) (C) and lefty2 (P>0.09; n=79) (I), respectively. 65.0% and 83.3% of embryos treated with RA at the shield stage for 1 hour and 20 minutes exhibited bilateral expression of spaw (D) and lefty2 (J), respectively. 72.8% and 89.4% of embryos treated with RA at the 4-somite stage for 1 hour and 20 minutes showed left-sided spaw (E) and lefty2 (K), respectively. F, percentage of embryos showed different sideness of spaw expression. L, Percentage of embryos showed different sideness of lefty2 expression. no tail was applied to label the midline (G-K). Embryos were subjected to in situ hybridization at 22So and observed. M and N, Expression of charon around KV at 10So in embryos with DMSO (M) or BMS453 (N) treatments before 2So. P values were calculated against control embryos treated with DMSO. ; n=106) (O). P values in (M-O) were calculated against embryos treated with BMS453 from 32-cell to 2So. Arrowheads mark the liver and arrows mark the pancreas. 2CLIP transgenic embryos were observed at 76 hpf. Embryos were subjected to in situ hybridization at 22So and observed. Unless specifically mentioned, P values were calculated against control embryos treated with DMSO. L: left side; R: right side; L/R-spawMO: predominant distribution of spawMO on the left/right side; L/R-spaw mRNA: unilateral distribution of spaw mRNA on the left/right side. FIGURE 5. RA signaling before 2So regulates cilia length and KV fluid flow, in which fgf8 is required. A and B, in contrast to control embryos treated with DMSO (A), the formation of KV was unaffected in embryos treated with BMS453 from 32-cell to 2So (B). Arrowheads mark the KV. C-F, in contrast to control embryos treated with DMSO (C), embryos treated with BMS453 from 32-cell to 2So displayed increased cilia length in KV (P<0.0015) (D), which was rescued by the injection of fgf8MO (E). Overexpression of fgf8 mRNA alone was not sufficient to lead to increases in cilia length (F). G, the number of cilia between DMSO and BMS453 treated embryos showed no obvious difference. H, in
